1 3 4 1 a r t I C l e S Obesity together with its associated health problems is reaching epidemic proportions in many countries, underlining the critical need for understanding how the brain regulates food intake 1,2 . Several brain systems, including the hypothalamus, midbrain, and brainstem, contribute to physiological energy homeostasis 3, 4 , and several neuron types are involved. Neurons that synthesize proopiomelanocortin (POMC neurons) or agouti-related peptide and neuropeptide Y (NPY/AgRP neurons) in the hypothalamic ARC are important to energy homeostasis 5-11 . Here we ask whether a third type of cell in the ARC that synthesizes TH may also contribute to neural control of energy balance.
RESULTS

Identification of arcuate TH neurons
To selectively generate gene expression only in TH neurons from one among multiple TH-producing loci, we combined a Cre-dependent viral vector with glass pipette microinjection into the ARC in transgenic mice in which Cre recombinase expression was driven by the gene promoter for TH, the rate-limiting enzyme in dopamine synthesis.
That the cells we study here express TH was corroborated with TH immunofluorescence (Supplementary Fig. 1 ) 15 . This approach allowed us to selectively stimulate ARC TH neurons, a strategy that would not be possible by transgenic mouse crossbreeding alone, and also avoids complications arising from potential transient expression of Cre recombinase under control of the TH promoter in some cells during early development 16 .
To determine whether ARC TH neurons might coexpress POMC or NPY/AgRP, we used combinations of immunostaining, transgenic mice, and AAV vectors. Our data indicate that TH neurons constitute a unique population of arcuate neurons different from the POMC and NPY/AgRP cells; neither POMC nor NPY/AgRP neurons expressed detectable TH ( Fig. 1 and Supplementary Figs. 2 and 3) ; similarly, TH neurons showed no expression of NPY/AgRP or POMC.
Optogenetic activation of TH neurons increases feeding; silencing reduces body weight ARC TH cells have received little if any attention relating to a potential role in energy homeostasis. We used optogenetics to determine the behavioral effect of stimulating ARC TH neurons using Credependent ChIEF 17 . Optogenetic stimulation of ChIEF-expressing TH cells in ARC brain slices generated a robust increase in spike frequency of both bursting and nonbursting neurons ( Supplementary  Figs. 4 and 5) . Photostimulation of ARC TH neurons in mice evoked an increase in food intake ( Fig. 2a-g ) as determined by measuring the amount of food consumed during the period of stimulation; photostimulation of control mice that did not express ChIEF evoked no change in food intake ( Fig. 2a-g ).
To silence the ARC TH neurons, a Cre-dependent AAV that expressed the tetanus toxin analog TeNT 18 was microinjected into a r t I C l e S the ARC of mice crossbred to a Swiss Webster background, resulting in mice bigger than many inbred strains. TeNT-GFP was selectively expressed in ARC TH neurons ( Fig. 2h and Supplementary Fig. 6 ). These mice were followed for over 5 months. Whereas control mice showed a normal weight gain over this period, the weight gain of TeNT-expressing mice was substantially reduced (Fig. 2h-j) . These data show that the influence of ARC TH neurons is not transient, and that when ARC TH neuron signaling is attenuated, a long term reduction in body weight set point occurs, with 27% less body weight gain 3 months after gene vector administration.
Optogenetic activation of TH cells inhibits POMC neurons
We microinjected Cre-dependent AAV-CAG-DIO-tdTomato-ChIEF into the dorsomedial ARC, where the highest concentration of dopamine in TH neurons is found 19 ; mice expressed Cre driven by npg a r t I C l e S the TH promoter and revealed a high density of TH axons and boutons terminating not only in the median eminence, but also on nearby cells within the ARC (Fig. 3a-d) . We also identified red fluorescent ARC efferent axons in the hypothalamic ventromedial nucleus and dorsomedial nucleus. To identify potential postsynaptic partner neurons, we crossed TH-Cre mice with POMC-GFP and NPY-GFP reporter mice. To study transmitter responses related to TH efferent axons, we again used optogenetics with a Cre-dependent ChIEF-AAV injected into the ARC.
Photostimulation of ARC ChIEF-expressing cells ( Supplementary  Figs. 4 and 5) evoked a substantial increase in the amplitude and frequency of inhibitory postsynaptic currents (IPSCs) in 17 of 22 POMC neurons (Fig. 3h-j and Supplementary Fig. 7a ), which was phase locked with 1 Hz photostimulation. Evoked IPSCs were largely Fig. 3g ), consistent with a previous immunocytochemical report suggesting coexpression of GABA in ARC TH neurons 20 . Both photostimulation (20 Hz) of ARC TH neurons and dopamine (30 µM) application inhibited the same POMC neurons (Fig. 3e,f) . Next we tested whether ARC TH cells were in synaptic contact with AgRP neurons. In 11 AgRP neurons in slices containing TH axons expressing ChIEF, we found no synaptic responses to photostimulation, suggesting that dopamine innervation of NPY/AgRP neurons may arise elsewhere, or that excitation of NPY/AgRP cells could occur via nonsynaptic bulk diffusion as described in other systems [21] [22] [23] .
Arcuate TH neurons inhibit paraventricular nucleus neurons Previous work on ARC TH cells has focused almost exclusively on axonal projections to the median eminence, where dopamine is released to control pituitary prolactin synthesis 24 . We show here for the first time, to our knowledge, that ARC TH cells not only synapse on POMC neurons (see above) but also maintain a substantial inhibitory projection to the hypothalamic paraventricular nucleus (PVN), an area implicated in energy homeostasis 5, 7 ( Fig. 4a-c and Supplementary Fig. 8a ). Both photostimulation (20 Hz) and DA (30 µM) hyperpolarized PVN neurons and reduced spike frequency (Fig. 4d,e) . Consistent with this observation, stimulation of the many ARC TH ChIEF-expressing axons surrounding PVN neurons (Supplementary Fig. 7b ) evoked inhibitory postsynaptic currents in most PVN cells tested (27 of 34) (Fig. 4f-i) . Neurotransmitters such as GABA can be released by single action potentials, whereas neuromodulators such as dopamine often depend on bursts of spikes to enhance release 25 . Notably, trains of optogenetic stimuli evoked a sustained outward current in the PVN that was dependent on both GABA A and dopamine receptor activation (Fig. 4j-k and Supplementary Fig. 9 ). The amplitude of the sustained current was attenuated by the D2 receptor antagonist sulpiride and further attenuated by addition of the GABA A receptor antagonist bicuculline (Fig. 4k) , suggesting that inhibition was due to axonal release of both dopamine and GABA during high-frequency stimulation and indicating that the stimulation of ARC TH axons did evoke dopamine release. The inhibitory valence of ARC TH cells is opposite that of the more rostral hypothalamic TH neurons that were recently reported to evoke excitatory actions in PVN neurons to modulate maternal care and oxytocin release 26 .
Dopamine inhibits POMC cells but excites AgRP/NPY neurons
A number of studies have shown that dopamine influences energy homeostasis; this has often been interpreted as related to a hedonic or motivational involvement in feeding 12 .
An alternate but not mutually exclusive perspective is that dopamine may more directly participate in modulating energy balance, in part by modulating the activity of two key neurons involved in energy regulation, the ARC anorexigenic POMC neuron and the orexigenic NPY/AgRP neuron. To address this hypothesis, we used cell-attached and whole-cell recording in hypothalamic brain slices. We have previously shown that dopamine can exert either excitatory or inhibitory actions on unidentified ARC neurons 27 , consistent with the localization of both D1 and D2 dopamine receptors in different unidentified neurons from the ARC 28 . Here we found that dopamine exerted a substantial, consistent, and direct dosedependent inhibition of GFP-expressing POMC neurons, hyperpolarizing the membrane potential by 10 mV when applied at 30 µM and reducing spike frequency (Fig. 5a-c) . The inhibition was direct and, on the basis of the reversal potential, the inward rectification, and attenuation by both Ba 2+ and GDP-β-s, was most likely mediated by a Fig. 10 ) acting via a D2-like receptor. The D2 agonist quinpirole exerted a similar inhibition whereas the D1 agonist SKF38393 had little effect (Fig. 5a-c) . The D2 antagonist sulpiride attenuated and almost eliminated the dopamine-evoked current (Fig. 5d) . With immunostaining, we found TH axons targeting POMC neurons (Fig. 5e) . In contrast to its inhibitory effect on POMC cells, dopamine excited the AgRP neurons through a D1-like receptor ( Fig. 5f-h) , and dopamineimmunoreactive axons were found surrounding some NPY/AgRP neurons (Supplementary Fig. 10d ). SKF38393 exerted a similar excitation, whereas quinpirole had little effect ( Fig. 5f-h) . The actions of dopamine on AgRP neurons continued in the presence of GABA and glutamate receptor antagonists (Supplementary Fig. 11a-c) , indicating a direct excitatory effect. These data support the potential for dopamine to exert a direct action on hypothalamic neurons that control feeding; inhibition of POMC neurons and excitation of AgRP neurons both suggest an orexigenic action for dopamine in the ARC.
a r t I C l e S G-protein-coupled inwardly rectifying potassium channel (GIRK) current (Supplementary
Arcuate TH neurons are excited by hunger To explore whether ARC TH neurons respond to metabolic conditions, we tested the effect of 24 h food deprivation on the activity of these neurons in TH-tdTomato transgenic mice. Using immunocytochemistry to examine the expression of nuclear c-fos, we found that fasting increased c-fos protein expression in tdTomato-expressing red TH neurons, almost tripling the number of TH neurons with nuclear c-fos (Fig. 6a-e) . C-fos was also increased in other unidentified non-TH neurons, consistent with previous reports of hungerinduced c-fos in NPY/AgRP and other hypothalamic neurons; the magnitude of the fasting-induced c-fos effect in TH neurons was similar to that reported in other neurons sensitive to fasting [29] [30] [31] . We also compared resting membrane potential and firing rate in ARC TH neurons of 24-h fasted mice and normally fed control mice. Fasting significantly depolarized the resting membrane potential of TH neurons by 7.5 mV and substantially increased the firing rate by 206% (Fig. 6f-h) . These results together support the view that ARC TH neurons are sensitive to cues of energy homeostasis and that both gene expression (c-fos) and electrical activity are increased in states of food deprivation.
Ghrelin excites arcuate TH neurons
If ARC TH neurons modulate energy homeostasis, then they may respond to long-distance signals from the gut. Ghrelin is released from the stomach when the gut is empty and signals the brain to increase energy stores 32, 33 . To record selectively from TH neurons, we used a transgenic mouse in which tdTomato was expressed as a red fluorescent reporter under control of the TH promoter, described elsewhere 15 . Ghrelin exerted a direct excitatory action on ARC TH cells (Fig. 7) , depolarizing the membrane potential and evoking an inward current. The depolarizing response was not blocked by tetrodotoxin or by GABA and glutamate receptor antagonists (Supplementary Fig. 12 ), indicating the response was direct rather than synaptically mediated from other cells. The majority of TH neurons in the dorsomedial ARC contain dopamine and display burst firing patterns 15, 34 ; ghrelin reduced the inter-burst interval, depolarized the membrane potential, increased spike frequency, and generated burst-firing in quiet cells (Fig. 7f-h and Supplementary Fig. 12 ). The distinctive electrophysiological characteristics of TH neurons, particularly the regular burst pattern of action potentials found in the majority of recorded dopamine cells, was different from the physiological characteristics of POMC and NPY/AgRP cells recorded above, further substantiating the view that the TH cells constitute a population of ARC neurons that are distinct from other ARC neurons.
DISCUSSION
The ARC TH cell not only maintains local axon collaterals to other ARC neurons that control feeding, but also projects dorsally into the PVN to exercise an additional level of regulation of neurons that modulate energy homeostasis and feeding. The majority of PVN a r t I C l e S axons tested near positive TH axons showed an inhibitory response to optogenetic stimulation of the TH neurons, underlining the strength of the projection. PVN neurons play a key role in the efferent projection of the orexigenic NPY/AgRP neurons 5, 35 , and our data show a parallel circuit for the ARC TH neuron. Consistent with findings from Golgi impregnations 36 , axons from TH cells exit the ARC to innervate not only the PVN, but also the hypothalamic ventromedial and dorsomedial nuclei, regions of the CNS that are also involved in energy homeostasis. A substantial body of work has focused on extrahypothalamic TH neurons, particularly from the midbrain, that release dopamine and influence feeding 13 . Our data do not contradict that work, but suggest that an additional system involving the ARC TH cell may directly contribute to hypothalamic energy homeostasis by sensing longdistance energy-related signals and directly modulating the activity of several key cell types within the ARC and PVN feeding circuits by releasing both dopamine and the inhibitory amino acid transmitter GABA (Supplementary Fig. 13 ). Depending on the dopamine receptor subtype of the targeted cell, dopamine can either inhibit-for example, by acting at a D2-like receptor on POMC or PVN neuronsor excite other cells; for instance by activating a D1-like receptor on AgRP/NPY cells. Thus, the opposing electrophysiological actions of dopamine on POMC and NPY/AgRP cells are both consistent with a direct orexigenic action of dopamine in the ARC. Furthermore, dopamine signaling can alter the gene expression of both POMC 37 as well as NPY and AgRP 38 . Finally, as the ARC maintains a leaky blood brain barrier 36, 39 , blood-borne signals reflecting nutrient state may more easily access TH neurons here than in other regions of the brain such as the ventral tegmental area which can also respond to signaling cues related to metabolic state 40, 41 . The dopamine responses of NPY/AgRP and POMC neurons suggest that dopamine neurons outside the ARC might also contribute to the modulation of these two cell types to influence food intake. In contrast to the more global widespread contribution of the extrahypothalamic dopamine system to the hedonic aspect of feeding, the ARC dopamine cells appear to be more directly involved in modulation of the feeding circuits of the hypothalamus.
The behavioral results showing an optogenetically evoked increase in food intake and a TeNT-mediated reduction in body weight and weight gain are consistent with an orexigenic role for the ARC TH cell, based on stimulation or inhibition of many but not all ARC TH neurons, as determined by histological verification. Recruitment of all ARC TH neurons may generate a greater effect.
We found that food deprivation increased c-fos expression in the ARC TH neurons, as well as in other, unidentified neurons. In addition, whole cell recording showed that hunger depolarized the resting membrane potential and increased the frequency of action potentials, further corroborating the perspective that these cells monitor long distance signals of nutrient state and that conditions of reduced food availability increase TH neuron electrical activity. The long-distance signal peptide ghrelin from the stomach evokes a strong direct excitatory action on ARC TH cells. One physiological characteristic of many ARC dopamine cells is the regular burst firing 15, 34 , not generally found in other types of ARC neurons and potentially related to enhanced transmitter release. Ghrelin increased burst firing, consistent with the view that these neurons directly monitor and respond to long distance signals of energy homeostasis.
Many TH neurons in the ARC contain immunoreactive dopamine 15 and the GABA-synthesizing enzyme glutamate decarboxylase 20 , and can release both GABA and dopamine. Not all TH neurons in the mouse ARC contain dopamine 15 . ARC TH cells that show no detectable dopamine may contain growth hormone releasing hormone (GHRH), which, like dopamine, can be released in the median eminence; the TH neurons also contain other neuropeptides 42, 43 . We cannot exclude the possibility that these non-dopamine TH cells also participate in energy homeostasis, potentially related to their primary role in enhancing body size through stimulation of pituitary growth hormone release by GHRH. Like other neurons that regulate energy homeostasis, TH neurons release both slow neuromodulators, such as dopamine, and also a fast amino acid transmitter, GABA. This allows the potential for multiple permutations of responses in different cells postsynaptic to TH axons.
The NPY/AgRP neuron can increase feeding 5, 10 , and dopamine does excite the NPY/AgRP neuron; however, ARC TH neurons do npg a r t I C l e S not appear to act simply by exciting the NPY/AgRP neurons, since we found no detectable direct synaptic action of ARC TH neurons on NPY/AgRP neurons and no colocalization of TH in NPY/AgRP cells. By contrast, anorexigenic POMC cells were inhibited directly by GABA release from ARC TH neurons. Inhibitory modulation of POMC cells may contribute to the extended actions of TH cells in energy homeostasis, including the long-term weight reduction found with TH cell TeNT-mediated attenuation, but they probably do not bear a primary responsibility for the optogenetically induced orexigenic actions. Previous work suggested that ARC POMC neurons contribute to long-term reduction in food intake, but are not responsible for shortterm rapid control of feeding 10, 44 . Together these electrophysiological, neuroanatomical, optogenetic, and behavioral data suggest that ARC TH neurons can act independently and/or in concert with other ARC neurons to regulate energy homeostasis and enhance food intake.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
